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New versions of the universal Jd-Di exchange clinopyroxene barometer for peridotites, pyroxenites and
eclogites, and also garnet barometer for eclogites and peridotites were developed. They were checked
using large experimental data sets for eclogitic (w530) and peridotitic systems (>650). The precision of
the universal Cpx barometer for peridotites based on Jd-Di exchange is close to Cr-Tschermakite method
produced by Nimis and Taylor (2000). Cpx barometer was transformed by the substitution of major
multiplier for KD by the equations dependent from Al-Na-Fe. Obtained equation in combination with the
thermometer of Nimis and Taylor (2000) allow to reconstruct position of the magma feeder systems of
the alkali basaltic magma within the mantle diapirs in modern platforms like in Vitim plateau and other
Southern Siberia localities and several localities worldwide showing good agreement of pressure ranges
for black and green suites. These equations allow construct PTX diagrams for the kimberlite localities in
Siberia and worldwide calculating simultaneously the PT parameters for different groups of mantle rocks.
They give very good results for the concentrates from kimberlite lamproites and placers with mantle
minerals. They are useful for PT estimates for diamond inclusions. The positions of eclogite groups in
mantle sections are similar to those determined with new GareCpx barometer produced by C. Beyer
et al. (2015). The Fe rich eclogites commonly trace the boundary between the lower upper parts of
subcontinental lithospheric mantle (SCLM) at 3e4 GPa marking pyroxenite eclogites layer. Ca-rich
eclogites and especially grospydites in SCLM beneath Precambrian kimberlites occurs near pyroxenite
layer but in younger mantle sections they became common in the lower parts. The diamondiferous Mg
Cr-less group eclogites referring to the ancient island arc complexes are also common in the middle part
of mantle sections and near 5e6 GPa. Commonly eclogites in lower apart of mantle sections are remelted
and trace the high temperature convective branch. The Mg- and Fe-rich pyroxenites also show the
extending in pressure trends which suggest the anatexic melting under the inﬂuence of volatiles or
under the interaction with plums.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Clinopyroxene is common in most mantle rock-types including
peridotites, eclogites, Cr-diopside and augite-bearing pyroxenites
as well as in most metasomatic associations formed by interactions
with plume- or subduction-relatedmelts. Not all mantle rocks have
the correct mineralogy to work with garneteorthopyroxene
barometry (Nickel and Green, 1985; Brey and Kohler, 1990) or
orthopyroxene barometry (McGregor, 1974) which is thought to betion and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
iversal clinopyroxene and garnet barometers for peridotitic, eclogitic
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However, monomineral single-grain clinopyroxene thermobarom-
etry of Cr-bearing associations (Nimis and Taylor, 2000), based on
the Cr-tschermakite has a broad range of applications in mantle
petrology. Examples include studies of mantle metasomatism in
orthopyroxene- and garnet-free associations (Nimis et al., 2009;
Ziberna et al., 2013) in cratonic lithosphere and processes of
refertillization in oceanic mantle. But this thermobarometer has
some restrictions because it works only in Cr-rich rocks and is
worse when applied to Fe-enriched and Al-Na-rich rock-types and
is sensitive to Fe3þ.
The single pyroxene barometer (Ashchepkov, 2002; Ashchepkov
et al., 2010, 2011) was developed to be more universally applicable
and to investigate cumulates from basaltic and other Cr-poor
magmas as well as eclogites and some Cr-poor but NaeAl-bearing
pyroxenites. In the previous versions, three separate equations
were applied to: (1) peridotites from alkali basalts representing
relatively undepleted or close to primitive mantle compositions
and basaltic cumulates; (2) more Al-depleted peridotites such as
xenoliths in kimberlites; (3) mantle eclogites and pyroxenites.
In this paper we represent the universal version of the Jd-Di
barometer which works simultaneously in most mantle systems.
The method, together with the other most powerful and broadly
used thermobarometric methods, has been combined in a PT pro-
gram (Ashchepkov et al., 2011, 2013a). This programworks using an
iteration scheme calculating pressure and temperatures together.
Since thermometers and barometers have mutual corrections,
progressive iterations can produce quite different PT estimates
compared tomethods that calculate values in one step. For example
the orthopyroxene barometer (McGregor, 1974) in combination
with the Opx thermometer of Brey and Kohler (1990) gave much
higher pressures for peridotites from Udachnaya and other
kimberlite pipes.
The garnet monomineral barometer for peridotites
(Ashchepkov, 2006; Ashchepkov et al., 2010, 2014) in its latest
version shows very good agreement with the Opx-based estimates
and has been transformed to be applicable also to eclogites.
Compared with the original version (Ashchepkov, 2006), we made
major modiﬁcations but this version is still preliminary because
although it produces values similar to those produced by the Cpx
barometer, it reproduces the experimental pressures rather poorly
(55%). However it works for discrimination of diamond inclusions
(Tsai et al., 1979; Logvinova et al., 2005). This is useful from the
perspective of prospecting geologists because orange garnets may
be used for both pressure estimates and estimation of the diamond
grade.
The advantage of the universal clinopyroxene method is in good
agreement with the experimental conditions for a large number of
runs. For example many methods for eclogite and peridotite
barometry are based on >30e50 experimental runs, whereas the
universal clinopyroxene method is calibrated on >400 runs in
peridotitic and >310 in eclogitic system. The correlations with the
common barometers based on Opx (McGregor, 1974; Perkins and
Newton, 1980) and GareOpx methods (Nickel and Green, 1985;
Brey and Kohler, 1990) as well as with the Cpx method (Nimis
and Taylor, 2000) are also good.
2. Data sets
For calibration, the natural compositions of xenoliths from alkali
basalts in Vitim (w1600) and other localities from TransBaikal
(Ashchepkov et al., 1989, 1991, 1996, 2003, 2002, 2011; Ashchepkov
and Ionov, 1999) (w2200 all together) were used. From the litera-
ture we collected the microprobe analyses of minerals from garnet-
bearing and other xenoliths from alkali basalts (Nixon and Boyd,Please cite this article in press as: Ashchepkov, I.V., et al., Monomineral un
and basaltic systems, Geoscience Frontiers (2016), http://dx.doi.org/10.101979; Sen, 1988; Kopylova et al., 1995; Stern et al., 1999; Keshav
et al., 2007; Ntaﬂos et al., 2007; Chen et al., 2001; Zheng et al.,
2010).
The huge data base of microprobe analyses of minerals of xe-
noliths from Yakutian kimberlites (w37,000 association) analyzed
by author (Ashchepkov et al., 2010, 2013a, 2014, 2016) was
completed by data from dissertations (Ovchinnikov, 1990; Kuligin,
1997; Reimers, 1994; Malygina, 2000; Pokhilenko, 2006). All
these analyses were made in IGM SD RAS using CambaxMicro and
JeolSuperprobe microprobes and standard methods (Lavrent’ev
et al., 1987) in the Analytic Centre of IGM SB RAS. In addition pre-
cise data were obtained using Cameca SX100 in the University of
Vienna using parameters described previously (Ashchepkov et al.,
2013b).
Xenolith data was obtained from the literature (Ionov et al.,
2010; Goncharov et al., 2012; Yaxley et al., 2012). Literature data
for peridotite and eclogite mantle xenoliths from many kimberlite
localities worldwide were used also (see Ashchepkov et al., 2010,
2013a, 2014, 2016 and references therein).
For themore precise calibration of the clinopyroxene barometer,
a number of experimental runs from 33 published papers devoted
to eclogites and 27 to peridotites were used (see list in the
Supplementary ﬁle 1).
3. Methods of calibration
The calibrations of both garnet and clinopyroxene barometers
were ﬁrstly obtained from cross-correlations with the Opx-based
(McGregor, 1974) pressure estimates (Ashchepkov, 2002, 2006). Nat-
ural compositions of clinopyroxene from xenoliths in kimberlites and
alkali basalts including Cr-diopsides, omphacites and augites were
used for the semi-empirical calibration of the JadeiteeDiopside in-
ternal clinopyroxene exchange: CaMgSi2O6 ¼ NaAlSi2O6 with cor-
rections for Fe (Ashchepkov, 2002, 2003). Then it was calibrated
against thewider database inperidotitic (Ashchepkov et al., 2011) and
eclogitic systems (Ashchepkov et al., 2014) with corrections for the all
major components. Thermobarometers were recalibrated using the
large databases for the peridotitic and eclogitic systems. The method
of calibrationdiffers fromthe commonthermodynamicapproach. The
common thermodynamic equation (P¼ aTKln (KD)þ bln(TK)/
(cDV) þ d) was transformed using empirical coefﬁcients.
The thermodynamic parameters and activities were substituted
by semi-empirical complex temperature dependent coefﬁcients
and equations working in a similar manner. For the garnet
barometer, the number of transformations of the primary formulas
by the introduction of these members increased the precision
(Ashchepkov et al., 2010, 2015).
3.1. Universal clinopyroxene barometer
For clinopyroxene the simple KD ¼ Na/Ca  Mg/Al þ Cr
(Ashchepkov, 2002) was transformed to KD ¼ Na/Ca  Mg/(AlIV þ
Cr  2  Ti þ Fe3þ) (Ashchepkov, 2003). Further transformations
with the introduction of temperature dependent components
instead activities in KD and complex free members instead of
Margules parameters produced three separate pressure equations
for the eclogitic and basaltic systems (Ashchepkov et al., 2010,
2011). The obtained DP ¼ Pcalc  Pexp values were studied for
dependence on each component and their simple combinations.
These corrections sometimes were dependent on temperature.
For the universal equation a new amendment was made with
the major numeric multipliers behind KD being replaced by a
function dependent on Al, Na and FeO and Fe#. The simple tem-
perature dependent multipliers were also introduced for Fe.
Instead of three separate equations for the common peridotites,iversal clinopyroxene and garnet barometers for peridotitic, eclogitic
16/j.gsf.2016.06.012
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operates slightly less precisely for shallow pressure peridotites but
even better for eclogites and pyroxenites.
Final pressure equations for the eclogites, peridotites and py-
roxenites are as follows:AlCr ¼ (Al  0.01)  ((TK  600)/700)0.75 þ Cr  (TK  100)/1000 þ (4  Ti  0.0125)/(TK  801)  650 þ 0.55  (Fe  0.23) 
(TK  900)/10000  K; P(kbar) ¼ 0.275  (4 þ (8.75  Al þ 1.25  Na þ Na  0.035  Cr/Al  Ti)  5.75  1.75  Fe/(Fe þMg) þ 0.125) 
KD  TK0.75/(1 þ Feþ Fe (TK 600)/1250)  ln(1273/TK) 40 (7  Na Al  15  Tiþ 10 Cr þMg/4)þ 7.5  Si  20  Al  Na
Mg/Ca/(Al  2  Ti þ 2  Na  2.5  Fe3þ) þ 50  Na þ 0.2  Al  2  Ti þ 0.075  Mg  0.22  Ca  0.75  Na)/Ca) (for eclogites)
P(kbar) ¼ 0.275  (4 þ (8.04  Na  (Al þ (Na  0.035)  Cr/Al  Ti  5.75 þ 1.25Na  2  Fe/(Fe þMg) þ 0.125)  KD  TK0.75/(1 þ Fe þ
Fe (TK 550)/1300) ln(1273/TK) 40 (7Na Al 15 Tiþ 10 CrþMg/3)þ 7.5 Si 20 AlNaMg/Ca/(Al 2 Tiþ 2
Na  2.5  Fe3þ) þ 50  (Na þ 0.2  Al  2  Ti þ 0.075  Mg  0.22Ca  0.75  Na)/Ca) (for pyroxenites)where Si, Ti, Al, Cr, Fe, Mn, Mg, Na and K are elements in formular
units; AlCr is approximation of Al, Cr and Ti activity together in M2
position in clinopyroxene structure; P(kbar) epressure in kbars;
TK etemperature in Kelvin’s.
3.2. Universal garnet barometer
In the ﬁrst version, the common dependence of the knorringite
and uvarovite components in the Fe-free system (Sobolev et al.,
1973; Doroshev et al., 1997; Grütter et al., 2006; Turkin and
Sobolev, 2009) with corrections for all other components and
separate corrections for FeO and other components were used
(Ashchepkov, 2006). New introductions were made for Fe-rich
rock-types. The barometer consists of several equations and itera-
tions taken from computer program (see description in Appendix)
which were introduced after comparison with the experimental PT
values. Pressure is in kbars and oxide components in wt.%.
xd¼(CaO þ MnO þ 2  FeO)0.4
P¼ 5.25 Cr2O3/xdþ 0.02 (TK 273)þ 22.5 Na2OþMgO/20
þ 0.5  CaO  TiO2  12 þ FeO/7
P ¼ P  2.05 þ 0.0045  P
P ¼  0.00007  P3 þ 0.0057  P2 þ 0.87  P
P ¼ P þ 5.5  Na2O þ MgO/FeO
P ¼ P  (4  Cr2O3)  0.9  (TiO2  0.1)  (10  FeO  7)  2
The improvements comparing to the previous version
(Ashchepkov, 2006) are as follows:
For peridotites:
P ¼ 0.855  P þ 0.485/CaO  TK/1050 þ TiO2  200
P ¼ (P  40)/(TK  1000)/FeO  10 þ PPlease cite this article in press as: Ashchepkov, I.V., et al., Monomineral un
and basaltic systems, Geoscience Frontiers (2016), http://dx.doi.org/10.10P1 ¼ MgO  Cr2O3  (TK  1050)  FeO/CaO  TiO2/7000
P2 ¼MgO  Cr2O3  (TK  1200)/120000
Fe51 ¼ Fe/[(Fe þ Mg)/2] þ 0.000045  (TK  790)  0.022P ¼ P þ P1  Fe51  5 þ P2  (1  Fe51)
P ¼ P  6  Cr/Ca  2  12.6  CrCa þ 25  5  TiO2
For eclogites the Na- admixture after Sobolev and Lavrent’ev
(1971) and Ca/(Ca þ Mg) after Bobrov et al. (2009) are used:
P ¼ 0.815  P þ 0.45  CaO  TK/1150 þ TiO2  200
P ¼ (P-15 þ Na2O/TiO2  1.75 þ CaO/MgO  13.5 þ CaO/FeO
 3.25)  1.51 þ 8.15  Na2O/CaO þ 7.25  Na2O/FeO
þ 8.15  TiO2/Na2O  120  MnO  Na2O  50  Fe/(Fe þ Mg)
P ¼ P þ (xv(5,7)  11)  1.25  (xv(5,8)  8.75)  2.8
P ¼ (P  55)  0.87 þ 57
P ¼ P  0.9
4. Precision of the barometric methods
4.1. Comparison with experimental data in peridotite system
The correlations of the pressure estimates using experimental
data sets for peridotitic systems were obtained using w600
experimental runs in which only w350 contain garnet, orthopyr-
oxene and clinopyroxene which can produce the correct GareOpx
barometric and CpxeOpx thermometric calculations. Our experi-
mental database contains many recent studies (Wang et al., 2010;
Kiseeva et al., 2012; Bulatov et al., 2014; Girnis et al., 2013; Sharygin
et al., 2015; Sokol et al., 2016) for high pressures and complex
systems (see list in Supplementary ﬁle 1) compared with those
used in previous works (Taylor, 1998; Wu and Zhao, 2011). Those
runs which produced results far from the pressure ranges in all
thermobarometers were removed from the database. The com-
parisons of our three peridotite barometers, i.e. the universal Cpx
barometer, Cpx barometer for peridotites, Gar barometer for peri-
dotites, are shown on the Fig. 1A, B, and I. The universal Cpxiversal clinopyroxene and garnet barometers for peridotitic, eclogitic
16/j.gsf.2016.06.012
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with the experimental values giving good estimates for 439 runs
and the peridotite barometer (Ashchepkov et al., 2011, corrected)
(see equation in Appendix) for 419 runs.
The GareOpx barometers (Harley, 1984; Nickel and Green, 1985;
Nickel,1989;BreyandKohler,1990; Fig.1E, F,G, andH) reveal slightly
less good agreement with the experimental values. The results of
Brey and Kohler (1990) and Nickel and Green (1985) are better than
the others. The Opx barometer (Fig. 1D; McGregor, 1974) also gives
better results than that of Nimis and Taylor (2000) (Fig. 1G).Figure 1. Correlation diagrams for pressure estimates obtained by mineral barometric m
(Ashchepkov et al., 2015; UnCpx); (B) PExpe P (Ashchepkov et al., 2011; for peridotites); (C)
PExp P (McGregor, 1974). For Opx-Gar: (E) PExp P (Brey and Kohler, 1990); (F) PExp P (Nic
(Ashchepkov et al., 2015; for peridotite Gar).
Please cite this article in press as: Ashchepkov, I.V., et al., Monomineral un
and basaltic systems, Geoscience Frontiers (2016), http://dx.doi.org/10.104.2. Comparison with experimental data in eclogite system
Published GareCpx barometers for mantle eclogites (Brey et al.,
1986; Mukhopadyay, 1991; Simakov, 2008; Beyer et al., 2015)
mainly use the Ca-Tschermakite component, calibrated sometimes
on rather restricted data sets not> 60 experimental runs (Simakov,
2008), while the database used in this paper uses>600 runs. Not all
of them include both garnets and clinopyroxenes. The best of them
(Beyer et al., 2015) give rather good correlation for 190 experi-
mental runs to 70 kbars. But its application to natural rock-types isethods and values of pressures in experiments (in GPa). Cpx methods: (A) PExp P
PExp P (Nimis and Taylor, 2000; Ashchepkov et al., 2015; Gar). For orthopyroxene: (D)
kel and Green, 1985); (G) PExp P (Nickel, 1989); (H) PExp P (Harley, 1984); (I) PExp P
iversal clinopyroxene and garnet barometers for peridotitic, eclogitic
16/j.gsf.2016.06.012
Figure 2. Correlations of the temperatures and pressures for eclogites using experimental runs. Temperatures determined with thermometers: (A) TCexp  TC (Nimis and Taylor, 2000) corrected; (C) TCexp  TC (Nimis and Taylor,
2000); (E) TCexp  T (Ellis and Green, 1979); (G) TCexp  TC (Krogh, 1988). Pressures (in GPa) determined with Cpx: (B) Pexp e P (Beyer et al., 2015); (D) Pexp e P (Ashchepkov et al., 2015; Univ); (F) Pexp e P (Ashchepkov et al., 2010);
(H) Pexp e P (Ashchepkov et al., 2015; GarEcl).
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Figure 4. Comparison of the PT estimates for Udachnaya mantle section using the Opx-based methods (Brey and Kohler, 1990; Opx).
I.V. Ashchepkov et al. / Geoscience Frontiers xxx (2016) 1e21 7sometimes not easy because it is very sensitive to Si in the formula.
Many microprobe analyses of eclogites show an excess of Si (>2)
(Kopylova et al., 2016). This method is also sensitive to the tem-
perature estimates much more than the method of Ashchepkov
et al. (2015).
In the eclogite system, the pressures estimated with new Gar
Cpx barometer (Beyer et al., 2015) give rather good correlation (for
187 runs, R2 w 0.91) with the pressure values in experiments to
7 GPa (Fig. 2B). Method need good analyses for Si in Cpx. The
universal Cpx barometer of Ashchepkov et al. (2015) give a linear
correlation for 310 runs (>80% of all calculated values) with rather
low dispersion (R2 w 0.9) using both the methods of Ashchepkov
et al. (2015) and eclogitic version of the Cpx barometer of
Ashchepkov et al. (2010) (Fig. 2D and F). The garnet eclogitePlease cite this article in press as: Ashchepkov, I.V., et al., Monomineral un
and basaltic systems, Geoscience Frontiers (2016), http://dx.doi.org/10.10barometer (Ashchepkov et al., 2015) is very preliminary and shows
poorer correlations with the experimental values (Fig. 2H). But it
shows a correlation with the PT estimates produced by clinopyr-
oxenes for Udachnaya (Sobolev et al., 1994; Kuligin et al., 1997;
Shatsky et al., 2008) and Lace eclogites (Aulbach and Viljoen, 2016;
Aulbach et al., 2016) and worldwide eclogite xenoliths from kim-
berlites (Fig. 4A and B). It also gives a moderately good correlation
with the pressure estimates obtained with the GareCpx barometer
(Beyer et al., 2015; Fig. 4C and D).
4.3. Comparison with the most reliable barometers
The correlation diagrams of the obtained pressures with the
experimental conditions for >600 associations (Fig. 1) are iniversal clinopyroxene and garnet barometers for peridotitic, eclogitic
16/j.gsf.2016.06.012
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2011). The new correlation diagrams give more details in the
high pressure ﬁeld as shown by the correlation coefﬁcients and
numbers of the estimates within the conﬁdence interval (1 GPa).
The method of Ashchepkov et al. (2015) (Fig. 2A) shows a better
correlation then previous version (Ashchepkov et al., 2011)
(Fig. 2B) mainly because it works for a wider compositional range
compared with the method of Nimis and Taylor (2000). The cor-
relation with the values determined with the Opx barometer of
McGregor (1974) shows an inclined trend linewhich overestimates
the low pressure part. Nearly the same is observed in the corre-
lations of Ashchepkov et al. (2015) with the methods of Brey and
Kohler (1990) and Nickel and Green (1985), but the latter shows
less dispersion. Nevertheless, the agreement of the Cpx JdeDi
methods with the reliable mantle barometers is good enough toFigure 5. Pair correlations diagrams between (A) Cpx (Nimis and Taylor, 2000) thermomete
and Wood, 1979; Harley, 1984; Bertrand and Mercier, 1985; Finnerty and Boyd, 1987; Krogh
enhanced the agreement.
Please cite this article in press as: Ashchepkov, I.V., et al., Monomineral un
and basaltic systems, Geoscience Frontiers (2016), http://dx.doi.org/10.10obtain realistic PTX diagrams for mantle column in wide pressure
ranges and compositions.
In the peridotite system, the correlations of pressure estimates of
universal Cpx barometer of Ashchepkov et al. (2015) with the other
methods (Fig. 3) also show a better correlation with the method of
Nimis and Taylor (2000). The previous peridotiteepyroxenite
barometer of Ashchepkov et al. (2011) works better for the perido-
tites especially in low pressure ﬁeld and is better for xenoliths from
alkali basalts. Thedata of the calculations are given in Supplementary
ﬁles 2e4.
Garnet and clinopyroxene estimates using the universal Cpx and
Gar barometers for eclogites commonly show good mutual agree-
ments for the same rock-type, although many eclogites from
worldwide kimberlites (Fig. 4A) and Udachnaya pipe (Fig. 4B) are
not equilibrated (Shatsky et al., 2008). The GarCpx barometerr and most reliable thermometric methods for mantle peridotites (Wells, 1977; O’Neill
, 1988; Brey and Kohler, 1990; Opx, 2Px); (B) the same for the corrected version which
iversal clinopyroxene and garnet barometers for peridotitic, eclogitic
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experimental pressures (Fig. 2E).
4.4. Comparison with the most reliable thermometers
The inﬂuence of the temperature in the formula is also very
important, because the joint solution of the temperature and
pressure equation using iteration procedure can yield a major dif-
ference in the ﬁnal result compared with the ﬁrst iteration values.
In this case, the method of Brey and Kohler (1990) is better, while
the method of Nimis and Taylor (2000) is more appropriate. The
methods of McGregor (1974) and universal Cpx of Ashchepkov et al.
(2015) showmuchmore dependence on temperature. Choice of the
wrong method for the temperature estimates could cause major
errors in the resulting pressures.
The temperatures in themonomineral clinopyroxene barometer
are calculated using Cpx monomineral thermometer of Nimis and
Taylor (2000) with corrections (Ashchepkov et al., 2010) which
yield better agreement with the experimental values and the
temperature estimates made by the best thermometers for the
mantle peridotites. Nevertheless, in any case, it produces lower
temperature values. In this version corrections are as follows:
TK ¼ 0.000001  TK2 þ 0.95  TK þ 33.75  (Al2O3 þ Cr2O3)
55  17.9  (FeO2.5)10.9  Na2O
and then for Cr low Cpx: TK ¼ (TK þ 390)  P/(P  70)  0.95.
This produces good agreement with the experimental temper-
atures for eclogites and peridotites. Looking at the correlation di-
agrams, the correlations of primary NT2000 methods is lower
(Fig. 5A) than those obtained after the corrections (Fig. 5B) espe-
cially for the Brey, Kohler Opx and two-pyroxene and the methods
from Bertrand and Mercier (1985).
5. Discussion
5.1. Mantle xenoliths from Vitim basalt plateau
The Cpx universal method demonstrates very good application
for mantle xenoliths in alkali basalts, allowing us to see the joint
development of the mantle column and feeder system for the
basaltic magmas traced by the augite megacrysts.
The mantle lithosphere beneath the Vitim basaltic plateau
formed in several stages from 20 to 0.6 Ma (Ashchepkov et al.,
2002, 2003, 2011) as demonstrated by the PT diagrams for four of
the stages. The PT estimates show that modiﬁcations of the mantle
columns were associated with the evolution of large magmatic
systems, which changed (Johnson et al., 2005) from picrobasalts in
the initial middle Miocene stage (Fig. 6A) to basanite in the upper
Miocene stage (Fig. 6B), Ne-hawaiite in the Pliocene stage (Fig. 6C)
and mugearites in the Pleistocene stage when the Kandidushka
volcano was formed (Fig. 6D) (Ashchepkov et al., 2003). The py-
roxenites were formed during the development of systems of
magmatic channels and chambers with black and green Cr-poor
Gar pyroxenites in the lower levels and Pl-bearing assemblages
in the upper levels. Associated veins in peridotites evolved in
mantle columns from the black water-free pyroxenites to
kaersutiteephlogopite-bearing Gar pyroxenites (Ashchepkov,
1991; Glaser et al., 1999). Comparison of the reconstructed
mantle section in different stages of lithospheric evolution
beneath the Vitim Plateau demonstrates that geotherms have an
advective nature. High-T peridotites from the later stages give PT-
trends which coincide with those of the megacrystalline pyroxe-
nites from the earlier stages. The PT-paths from the three separatePlease cite this article in press as: Ashchepkov, I.V., et al., Monomineral un
and basaltic systems, Geoscience Frontiers (2016), http://dx.doi.org/10.10stages slightly vary in depth and only in the upper Miocene stage
correspond to the upper part of spinel facies. The geotherms show
relative decreases in temperature. The detailed investigations of
mantle structure and layering vary from stage to stage showing
the changes in the mineralogical features of the mantle column
(Ashchepkov et al., 1989, 2002; Glaser et al., 1999), which suggest
vast interaction of magmatic liquids with peridotites and melt
percolation through the peridotite mantle (Ashchepkov et al.,
2011), probably accompanied by mantle diapirism. In the period
of the lava plateau formation, mantle xenoliths captured by the
ascending magmas from the upper part of the mantle column
show no sign of heating or strong interaction with basaltic melts.
In the latest stages, the amount of garnet peridotites at the same
depth decreased compared to the ﬁrst stage. At the stages of valley
basalts and cinder cones, the green pyroxenites with relics of
garnets were transported to the spinel facies probably due to
mantle diapirism. Black garnet-bearing megapyroxenites also
became rare and often show signs of deformation. Megacrysts of
Cpx and Gar have geochemical features similar to basalts. Most of
them originated from more differentiated melts than basalts and
show relatively high contamination by peridotite material which
was much greater in the ﬁrst stage and diminished at the last
stage. The capturing intervals also varied with time, being deeper
in the ﬁrst stage. Nevertheless, signs of mantle upwelling are also
pronounced. The prevailing garnet peridotites from the picrite
basalt stage are from depleted mantle (Ionov et al., 2005)
concentrated in the deeper part and thus should be uplifted as the
mantle diapir developed in the Oligocene (or earlier as inferred
from SmNd data 45e25 Ma) (Ionov et al., 2005). Our 40Ar39Ar
ages for phlogopite are also close. Diapiric uprise was accompa-
nied by partial melting and left a lot of garnet-bearing Cr-rich
pyroxenites, though part of them may be also associated with the
later interaction with hydrous picrite basalt melts (Glaser et al.,
1999). In the stage of valley basalts, similar pyroxenites show
signs of garnet decomposition, possibly due to mantle upwelling,
whereas such rocks are practically absent among the xenoliths of
the last stage.
5.2. Southern Siberia basalt localities
The Burkal basalt locality in the Khantay range (Ashchepkov
et al., 1996) contains fertile garnet peridotite xenoliths which give
a geotherm slightly above “oceanic” (90mW/m2) in the deep part of
capture interval, while the upper part is composed of more
depleted spinel peridotites (Fig. 7A). The megacrysts show three
separate pressure intervals and evolution from the Cr-bearing Mg-
rich suite to the Fe-rich and Cr-poor varieties with Fe# ¼ Fe/
(Fe þ Mg) ¼ 0.15  0.33.
In the East Sayan mountain range (Ivanov et al., 2008) mainly
fertile peridotite xenoliths with relic garnet were studied. They
have a lower heating degree and lie on a geotherm located slightly
below 90 mW/m2. Augite megacrysts also show evolution within
the 1.71.0 GPa pressure interval (Fig. 7B).
Bartoy basalt volcano locality in the southern part of Khamare
Daban contains a huge range of variety of xenoliths (Ashchepkov
and Ionov, 1999) starting from garnetCpx kaersutites with Phl
to CpxPl assemblages (Ashchepkov and Ionov, 1999) within
1.71.0 GPa interval (Fig. 7C). Surrounding peridotites were
affected by metasomatism as shown by phlogopite and pargasite
crystallization which was likely produced by evolving hydrous
protobasaltic melts during formation of the melt feeder system.
Minusa alkali basalt pipes (Ashchepkov et al., 1995) of late
Cretaceous age (74e82 Ma) (Metelkin et al., 2007) also contain
garnet-bearing peridotites. They relate to a refertilization event and
represent a rather shallow depth interval (1.5e1.8 GPa) and reﬂectiversal clinopyroxene and garnet barometers for peridotitic, eclogitic
16/j.gsf.2016.06.012
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Figure 8. PTX diagrams for the peridotite and pyroxenite xenoliths from alkali basalts worldwide. (A) Malaita (Delaney et al., 1979; Nixon and Boyd, 1979; Ishikawa et al., 2004); (B)
Hawaii (Sen, 1988; Sen and Leeman, 1991; Keshav et al., 2007); (C) PalieAike (Skewes and Stern, 1979; Bjerg et al., 2005; Ntaﬂos et al., 2007); (D) Mongolia (Shavaryn Tsaram) (Ionov,
1986, 2002; Kopylova et al., 1995); (E) Antarctica, Jetty peninsula (Foley et al., 2006); (F) Marsabit (Kaeser et al., 2006, 2007, 2009); (G) Hannuoba (China) (Chen et al., 2001); (H)
Nushan (Xu et al., 1996, 2003).
I.V. Ashchepkov et al. / Geoscience Frontiers xxx (2016) 1e2112rather high temperature conditions above the 90 mW/m2 geotherm
(Fig. 7D). Megacrystalline associations containing pyrope-
ealmandine garnets also cover all the pressure interval of
w1.0e2.0 GPa.
5.3. Basalt localities with garnet peridotite xenoliths worldwide
Garnet-bearing associations in alkali basalts that can yield PT
conditions using GareOpx thermobarometry are rare in the world.Please cite this article in press as: Ashchepkov, I.V., et al., Monomineral un
and basaltic systems, Geoscience Frontiers (2016), http://dx.doi.org/10.10The universal Cpx barometry was also checked using the published
associations from well-known localities.
Malaita. Xenoliths from alkali picrites from Malaita island yiel-
ded the pressure range from 4.0 to 1.2 GPa (Nixon and Boyd, 1979)
and so construct a cold oceanic geotherm. Other rock types
(Delaney et al., 1979; Ishikawa, 2007) yield a more detail PT dia-
gram, showing that it consists of several branches. The prevailing
high temperature branch found at the lithosphere base and upper
part of mantle section refer to the 90 mW/m2 geotherm but theiversal clinopyroxene and garnet barometers for peridotitic, eclogitic
16/j.gsf.2016.06.012
I.V. Ashchepkov et al. / Geoscience Frontiers xxx (2016) 1e21 13branch from 1.8 to 2.7 GPa relates to the 70 mW/m2 geotherm
(Fig. 8A). The associated megacrysts trace only the lower part of the
HT (high temperature) branch from 4.0 to 2.5 GPa and reveal a
trend typical for ascending magma with decreasing pressure and
Mg#, but at w2.5 GPa the differentiation was isobaric.
Hawaii. Xenoliths from alkali basalts in Hawaii are pyroxenites
and Fe-rich peridotites (Sen, 1988; Keshav et al., 2007). They yield a
rather complex geotherm consisting of branches showing the
repeated intrusions of basaltic melts from a rather deep source
because pyroxene temperatures reach>1400 C. The deeper branch
from2.7 to 1.5 GPa corresponds to themoreMg-rich peridotites and
pyroxenites probably formed from hybrid magmas while HT
branches show a greater degree of heating and Fe# reﬂecting pro-
gressive intrusions of differentiating basaltic melts (Fig. 8B).
PalieAike volcano in Patagonia (Skewes and Stern, 1979; Stern,
1991; Stern et al., 1999; Kempton et al., 1999; Bjerg et al., 2005;
Ntaﬂos et al., 2007; Wang et al., 2008) erupted xenoliths in conti-
nental back-arc basalts. They differ from the other basaltic arc lo-
calities by lying on a relatively low temperature geotherm, slightly
lower than the 90 mW/m2 geotherm. Only the deeper part is
slightly more heated at 2.5 GPa but again the mantle becomes
cooler in its lower part. The fertilization and heating at this level is
higher as is evident by the Fe# for the Cpx and Opx. The megacrysts
trend shows a gradual increase of Fe with decreasing pressures but
also demonstrate an isobaric trend near the Moho (Fig. 8C).
ShavaryneTsaram volcano in Mongolia (Ionov, 1986, 2002;
Kopylova and Genshaft, 1991; Kopylova et al., 1995) (Fig. 8D) con-
tains garnet-bearingmantle xenoliths and alsomegacrystic pyropes
and their intergrowths. In general xenoliths from this locality yield a
geotherm located just on the 90 mW/m2 conductive geotherm
which is typical for xenoliths from alkali basalts. The megacrysts
trend showsa gradual increase in Fewith decreasing pressures but it
also demonstrates an isobaric trend near the Moho (Fig. 8D).
Antarctica. The xenoliths from the Jetty peninsular in Antarctica
(Foley et al., 2006) include garnet-bearing peridotites. They yield
higher temperatures and fall close to the 90 mW/m2 conditions in
the high pressure ﬁeld at 2.5 GPa. The upper part of mantle column
here composed mainly of pyroxenites (Fig. 8E).
Marsabit. In Northern Kenya, one locality contains abundant
pyroxenitic xenoliths with garnets (Kaeser et al., 2006, 2007, 2009)
with a rather wide compositional range and with higher Fe in the
upper level just at the Moho. They demonstrate a cooling range
from 90 to 60 mW/m2 at 0.6 GPa and are possibly result from
interaction of partial melts and basaltic magma with the lower
crust (Fig. 8F). Authors suggest extensive decompression and
cooling (970e1100 C at 2.3e2.6 GPa to 700e800 C at 0.5e1.0 GPa)
during deformation.
Hannuoba locality in North Eastern China (Chen et al., 2001)
(Fig. 8G) represents the typical situation for most other localities.
Most of the spinel peridotite xenoliths trace the 90 mW/m2 geo-
thermwhile the garnet-bearing ones are slightly hotter and, like in
theMinusadepression, theyare located above theGareSp transition
and are mainly pyroxenitic. They show rather wide dispersion in PT
conditions (combinedplot) as do themegacrysts (Fig. 8F). Hannuoba
contains a high amount of garnet peridotites which yield higher
temperature conditions than common spinel peridotites like those
from the Kandidushka volcano in Vitim and probably represent the
roof of the rising basaltic system and rock types affected by heating.
Many pyroxenites are rather Fe-rich in this locality. The megacrysts
theremainly relate to the lowermagmatic chamber. Theheating and
elevated Fe# of the Cpx in the uppermost part of mantle section
probably reﬂect magma intrusion beneath the Moho (Fig. 8G).
Nushan, China. Described in detail by Xu et al. (1996, 2003), this
locality contains spinel amphibole-bearing lherzolites, garnet py-
roxenites and garnet lherzolites. The garnet-bearing varieties arePlease cite this article in press as: Ashchepkov, I.V., et al., Monomineral un
and basaltic systems, Geoscience Frontiers (2016), http://dx.doi.org/10.10rather high-temperature >90 mW/m2 and are distributed in two
pressure intervals. The Fe-rich pyroxenites correspond to 1 GPa at
the Moho (Fig. 8H).
5.4. Kimberlitic xenoliths and reconstruction of the mantle
sequences
The universal monomineral thermobarometers were applied to
reconstruct themantle sections beneath kimberlite pipes. They give
a good opportunity for fast construction of geotherms and other
diagrams.
5.4.1. Mantle xenoliths and heavy mineral separates from
kimberlites
Thermobarometry for garnet (Ryan and Grifﬁn, 1996;
Ashchepkov et al., 2010, 2014) and clinopyroxenes (Nimis and
Taylor, 2000; Ashchepkov et al., 2010, 2011) greatly helps in the
construction of geotherms for the subcratonic lithospheric mantle
(SCLM). In the diagram for xenoliths from the Udachnaya pipe
(Fig. 9), the universal Cpx and Gar barometry were applied to
different mantle lithologies: peridotites eclogites and pyroxenites.
The calculated PT parameters for the peridotites show excellent
coincidence with parameters determined by the Opx-based
methods. The Cpx barometer of Ashchepkov et al. (2015) practi-
cally repeats all the PTgroups and is even better than themethod of
Nimis and Taylor (2000) (Fig. 9A). The same is demonstrated by the
method of Ashchepkov et al. (2015) which produces lower tem-
perature geotherms in general. In this version, the monomineral
methods for eclogites yield very high pressure and temperature
range. Application of the method of Beyer et al. (2015) shows in
general the same conditions but produced shallower pressure es-
timates (Fig. 9B). The calculations for pyroxenites (Kuligin, 1997;
Pokhilenko et al., 1999) demonstrate good agreement of their po-
sition within the peridotitic mantle. Most relate to the high tem-
perature branch of the geotherm. The garnet method again gives
lower temperatures (Fig. 9DeF).
The new versions of the clinopyroxene and garnet barometry
produced a reinterpretation of the mantle structure beneath the
Mir pipe (Ashchepkov et al., 2010, 2014) and distinguished several
groups of eclogites in the mantle section (Fig. 10A). General division
of mantle eclogites to groups (Dawson, 1980) A (Mg-rich), B
(common meta-basaltic) and C (high FeeNaeAl) was completed by
the addition of high Ca group (Spetsius et al., 2008; Viljoen et al.,
2010). The geotherm for the Mir pipe (Fig. 10A) determined by
OpxeGar (Brey and Kohler, 1990) and garnet (Ashchepkov et al.,
2010) thermobarometry is relatively low temperature near the
lithosphere base, e.g. showing 1000 C at 6.0 GPa. It cuts all
conductive geotherms in the upper part andmarks the advective PT
path starting from the pyroxenite layer located at 3.5e4.0 GPa.
Most diamond-bearing eclogites (Sobolev et al., 1970; Beard
et al., 1996) of Gr1 and Gr4 trace the diamondegraphite bound-
ary (Kennedy and Kennedy, 1976) and yield rather high tempera-
ture conditions. The rather large group of points located above this
may be explained by data after Day (2012) which gives this tran-
sition w2.5 GPa higher. Mg-rich clinopyroxenes in group A (GrA)
eclogites form a dense cluster (5e6 GPa) near the lithosphere base
and are slightly hotter than xenoliths and garnet geotherm. The
low-Cr varieties form a cloud in the PeFe# diagram in the
3.5e4.5 GPa pressure interval. For eclogites of groups B, C and D
there are several trends of increasing Fe# with pressure which
characterize rising and differentiating melts. Ca-rich (GrD) eclo-
gites are found within a rather wide pressure interval but mainly
near the lithosphere asthenosphere boundary (LAB) and in the
middle part of the mantle section. The points for the Fe- and Al-rich
Group C form a cloud within the 3e5 GPa interval and in the leveliversal clinopyroxene and garnet barometers for peridotitic, eclogitic
16/j.gsf.2016.06.012
Figure 9. PT diagrams for mantle xenoliths from Udachnaya kimberlite pipe Yakutia. Comparison of the estimates with the Cpx and Garnet barometers with the Opx estimates T(C) (Brey and Kohler, 1990) e P (GPa) (McGregor, 1974)
for peridotites (A, D), eclogites (B, E), pyroxenites (C, F). Data: Sobolev et al. (1994), Kuligin et al. (1997), Pokhilenko et al. (1999), Malygina (2000), Pokhilenko (2006), Ashchepkov et al. (2013a,b) and references therein.
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Figure 10. PTX diagram for xenoliths andminerals concentrates from: (A)Mir pipe and (B) Nyurbinskaya pipe. Symbols: 1. Cpx: T(C) (Nimis and Taylor, 2000) Corr P (GPa) (Ashchepkov et al., 2015, Un) for peridotes; 2. same for eclogites;
3. same for pyroxenites; 4. same for diamond inclusions; 5 garnet (monomineral): T(C) (O’Neill and Wood, 1979; Monomin)  P (GPa) (Ashchepkov et al., 2010); 6. eclogitic garnets: T(C) (O’Neill and Wood, 1979; Monomin)  P (GPa)
(Ashchepkov et al., 2016) Ecl (This paper); 7. same for peridotitic diamond inclusions; 8. same for eclogitic diamond inclusions; 9. Opx: T(C) (Brey and Kohler,1990) P (GPa) (McGregor,1974); 10. same for diamond inclusions; 11. chromite
for diamond inclusions: T(C) (O’Neill and Wall, 1987)  P (GPa) (Ashchepkov et al., 2010); 12. OpxeGar: T(C)  P (GPa) (Brey and Kohler, 1990); 13. Cpx: T(C) (Nimis and Taylor, 2000) Corr P (GPa) (Beyer et al., 2015). The ﬁelds of the
eclogite groups  see legend: Gr1(A) dashed green line; Gr2(B)e dashed orange line; Gr3(C) dotted-dashed brown line; Gr4(D) dashed blue line. Position of conductive geotherms is after Pollack and Chapman (1977) and the
graphiteediamond transition after Kennedy and Kennedy (1976); the line above is after Day (2012).
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I.V. Ashchepkov et al. / Geoscience Frontiers xxx (2016) 1e2116near 6 GPa. Omphacites in group C and group D (Ca-rich) eclogites
occur on the relatively hot branches >45 mW/m2, suggesting the
inﬂuence of protokimberlites. Several low-Cr Gar and Cpx from
group A and group B eclogites with relatively low Fe#w 0.15 found
in the lithosphere base may have crystallized from proto-
kimberlites. Eclogites with low Fe# w 0.11e0.15 found in the lith-
osphere base may have crystallized from protokimberlite magmas.
The conditions determined with the GareCpx method for the
eclogitic diamond inclusions reveal their position near the DieGr
transition over a wide temperature range.
The Nyurbinskaya pipe (Fig. 10B) contains a huge amount of
eclogitic garnets of unusual FeeAl-rich type (Spetsius, 2004;
Spetsius et al., 2008) which are distributed in a wide pressureFigure 11. PTX diagram for xenoliths and minerals concentrates from (A) Diavik mine (Cana
Aulbach et al., 2016). Symbols are same as Fig. 10.
Please cite this article in press as: Ashchepkov, I.V., et al., Monomineral un
and basaltic systems, Geoscience Frontiers (2016), http://dx.doi.org/10.10interval from the LAB to the Moho. Trends of PeFe# reveal an in-
ﬂection near 3.5 GPa. The basaltic groups show increasing PeFe#
from the SCLM base and descending from the top; they also reveal
the inﬂection near this boundary. This boundary is also the upper
limit for the pressure determined for the peridotitic diamond in-
clusions (Spetsius et al., 2008) and diamond-bearing eclogites. The
latter form 4 groups from low-Fe to Fe-rich varieties, showing the
increasing PeFe# trends from the LAB. The GrB groups reﬂect
mostly low-T conditions and heating in the lower SCLM. Group 3e4
diamond-bearing eclogites reveal hotter conditions. Group 4 eclo-
gites trace a nearly adiabatic trend in the upper part of the SCLM.
Ca-rich (GrD) varieties are found from the LAB to the middle part of
the mantle section. Some mantle sequences containing abundantda); (B) Finsch pipe (South Africa); (C) Lace pipe (Lesotho) (Aulbach and Viljoen, 2016;
iversal clinopyroxene and garnet barometers for peridotitic, eclogitic
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Please cite this article in press as: Ashchepkov, I.V., et al., Monomineral un
and basaltic systems, Geoscience Frontiers (2016), http://dx.doi.org/10.10Fe-rich eclogites like those beneath the Nyurbinskaya pipe
(Spetsius, 2004; Spetsius et al., 2008; Riches et al., 2010) possibly
contain subducted material which was not extensively melted.
Such an unusual construction of mantle section suggests growth of
the craton keel according to the stacked slab model (Grifﬁn et al.,
2003) with the repetition of similar sequences but the presence
of the Ca-rich associations mainly in the lower SCLM allows us to
suggest other explanations (Pearson and Wittig, 2014).
Slave Craton, Canada. Large collections of eclogite xenoliths from
the Diavik mine (Aulbach et al., 2007, 2008, 2011; Cartigny et al.,
2009) provide the possibility to compare the structure of mantle
lithosphere beneath the central part of Slave craton with that
beneath the Jericho pipe in the North Slave (Heaman et al., 2006;
Kopylova et al., 2009). The GrC eclogites including diamond-
bearing varieties are found mainly to the middle part of the
mantle section The GrB and GrA show a rather wide pressure in-
terval. Those from the upper part of the mantle column yield a
heated geotherm commonly corresponding to the pyroxenites.
Typical pyroxenites yield low temperature conditions and occur in
the 4e6 GPa pressure interval. The GrA eclogites which mainly
trace the lower horizons of the mantle lithosphere are cooler than
other groups (Fig. 11A). The pressure range for the eclogites
determined by the method of Beyer et al. (2015) in combination
with the Krogh (1988) thermometer shows similar variations as
those determined by the method of Ashchepkov et al. (2015) but
with slightly lower temperatures.
Southern Africa. Well studied mantle xenoliths (Gibson et al.,
2008; Lazarov et al., 2009), xenocrysts and diamond inclusions
(Gurney et al., 1979; Shirey et al., 2001; Tsai et al., 1979; Appleyard
et al., 2004; Viljoen et al., 2010) from the Finsch pipe already
yielded PTX diagrams (Ashchepkov et al., 2012). In this version of
the diagram, we re-calculated the PT conditions for the omphacites
which are the most Fe-rich, and also the PT conditions for relatively
Fe-rich eclogitic garnets which gave conditions very close to those
calculated from the clinopyroxenes (Fig. 11B). Xenoliths from the
Lace pipe in Lesotho (Aulbach and Viljoen, 2016; Aulbach et al.,
2016) reveal a wide PT range and heating at the LAB. The PT con-
ditions of the diamond kyanite eclogites are mostly close to the
graphiteediamond boundary (Fig. 11C).
5.4.2. Diamond inclusions
The universal barometers are very useful for calculations of the
PT values of diamond inclusions (Logvinova et al., 2005). In previ-
ous publications (Ashchepkov et al., 2010, 2012, 2013a,b, 2014,
2015), we calculated PT conditions for many worldwide kimber-
lite localities. Now it is possible to add the results for pyrope
almandine garnets from eclogites.
Eclogite thermobarometry may be very useful for reconstruc-
tion of mantle sections using only inclusions in diamond from
placers such as those from the Ebelyakh ﬁeld (Fig. 12) (Shatsky
et al., 2015) of late Devonian age (Afanasyev et al., 2009). Garnets
and clinopyroxenes from this locality belong mainly to eclogitic
groups 2 (B) and 4 (Ca-Al rich), but, among the diamond inclusions,
Ca-rich garnets are frequent and belong mainly to the lower part of
mantle section. The basaltic groups show three clusters according
to their Fe# values and reveal at least three ascending Fe# trends
from the LAB to the Moho. Clinopyroxenes from GrC show an in-
crease of Al to the LAB (Fig. 6A). The GrD clinopyroxenes show both
Fe- and Al-enrichment. Splitting of the trend near 3e3.5 GPa is
visible for the most Fe-rich eclogites. The Ca-rich GrD and pyrope
diamond inclusions also trace this level. The lowermost group of
eclogitic diamond inclusions shows rather low-Tconditions close to
those calculated for the peridotitic garnets and clinopyroxenes. But
those from the middle part of SCLM demonstrate rather high-T
conditions corresponding to the advective mantle geotherm. Theiversal clinopyroxene and garnet barometers for peridotitic, eclogitic
16/j.gsf.2016.06.012
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yield rather low-T conditions close to those calculated for perido-
titic garnets and orthopyroxenes. But diamond inclusions from the
Ca-rich group 3 and group 4 from the middle part of the SCLM
demonstrate rather high-T conditions, corresponding to the
advective mantle geotherm.
6. Conclusions
(1) Precision of universal clinopyroxene barometer is comparable
with that of the reliable published methods;
(2) Mantle sections for xenoliths in alkali basalts generally fall on
the 90 mW/m2 geotherm and slightly lower in arc settings;
(3) In mantle sections beneath kimberlite pipes, the PT conditions
for all rock groups generally coincide;
(4) Eclogites and mantle inclusions often show colder ancient
thermal conditions of thick lithosphere.
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Appendix. Application thermobarometric methods in PT
program
Original monomineral thermobarometers for mantle perido-
tites for clinopyroxene, garnet, chromite and ilmenites for the
mantle peridotites were statistically calibrated on the PT estimates
for mantle peridotites (Ashchepkov et al., 2010) were combined in
the original program written in FORTRAN (Ashchepkov et al.,
2013a,b) are assembled with the most reliable methods of min-
eral thermometers (45) and barometers (36) and oxybarometers
(5), including original monomineral and methods (Ashchepkov,
2003; Ashchepkov et al., 2010, 2011) for mantle peridotites
based on the compositions of on clinopyroxene, garnet, chromite
and ilmenite. Program reads the text ﬁles, which converted from
Excel. Original data includes standard silicate compositions for 12
components in standard order. The text ﬁle includes 15 columns of
8 symbols. The ﬁrst is ﬁle name which is the same for all the
minerals in the association. The second is indicator symbol for
phases: Eeenstatite, Dediopside, Oeolivine, S-spinel, Gegarnet,
Ieilmenite, Aeamphibole, Fephlogopite, Peplagioclase, Leliquid,
Rebulk rock. Then follow oxides: SiO2, TiO2, Al2O3, Cr2O3, FeO,
MnO, MgO, CaO, Na2O, K2O, NiO, V2O3 written with 2 or 3 deci-
mals. The last column may contain description of the mineral or
association up to 64 symbols. Monomineral methods use calcu-
lated values for Fe#Ol or Fe#Cpx and also Fe3þ and other charac-
teristic parameters. The input from console includes ﬁle name (8
symbols) (A8), then amount of PT pairs of numbers thermometers
and barometers (2I2) and one for f(O2) method. Program allows
input of the iteration numbers (25 by default). It is possible also to
put ﬁxed values of T and P (default 1000 C and 40 GPa).
The program reads mineral compositions detecting them by
mineral indexes with the name of the association are the same and
start the estimations of PT values when read different names. They
are going to the dispatcher points sending to the thermometers and
barometers according to the input numbers. It performs calcula-
tions for each pair until the difference of the temperatures is higher
1 or less than iteration number made then goes to next pair. ThePlease cite this article in press as: Ashchepkov, I.V., et al., Monomineral un
and basaltic systems, Geoscience Frontiers (2016), http://dx.doi.org/10.10values of calculates pairs are writing in the matrix. It begins new
line and circle of calculations when the newname of probe appears.
The results of the calculations of pairs (to 15) PT of the param-
eters in any combination arewriting in thematrix of data in the CSV
format together with the compositions of minerals or their formula
coefﬁcients. The calculated Fe#Ol for coexisting olivine for each
mineral are written also as well as Cr# and Fe3þ for comites and
Fe3þ for Cpx. The description is writing before the results of the
calculations. The CSV ﬁles are easily converting to Excel or Grapher
and Surfer or may be used for the statistical programs.
Special variety of programs works with the data ﬁles of the
experimental PT values and data of the minerals in runs (see
Supplementary ﬁle 5) reading PT parameters and writing them
together with the calculated values and compositions of the min-
erals. This allows to make the correlations of compositions of
minerals and PT values of the experimental runs and results of the
approximations and to ﬁnd the difference between the P and T
difference and their dependence from mineral, liquid or even
starting rock compositions.
Corrected equation of the Cpx barometer published in
Ashchepkov et al. (2011) is listed below:
AlCr ¼ (Al  0.01)  ((TK  600)/650)0.75 þ Cr  (TK  100)/900
þ (4  Ti  0.0125)/(TK  801)  650 þ (Fe  0.23)  (TK  700)/
21000;
KD ¼ Na/AlCr  MgO/CaO
P ¼ 0.028  KD  TK/(1 þ 2.05  Fe  1.15  Fe  (TK  600)/
1200)  ln(1273/TK)  40  (Al þ 7  Na  15  Ti þ 10 
Cr þ Mg/4)þ 7.5  Si þ 50  (Na þ 0.10  Al  2  Ti þ 0.05 
Mg  0.2  Ca  0.75  Na/Ca)
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.gsf.2016.06.012.
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